Introduction {#sec1}
============

Dynamic nuclear polarization (DNP)^[@ref1]−[@ref3]^ has recently attracted considerable interest to enhance the sensitivity of both solution and solid-state NMR experiments by several orders of magnitude.^[@ref4]−[@ref9]^ In a DNP experiment the polarization of unpaired electrons, usually from stable radicals, is transferred to nuclei by applying microwave irradiation to saturate an electron spin transition. This can provide a theoretical maximum NMR signal enhancement of γ~e~/γ~n,~ where γ~e~ and γ~n~ are the gyromagnetic ratios of the electron and nucleus in question (γ~e~/γ~1H~ = 658, γ~e~/γ~13C~ = 2618, γ~e~/γ~15N~ = 6494). In both dissolution and magic angle spinning (MAS) DNP experiments, intrinsically diamagnetic samples are usually doped with exogenous radical polarizing agents such as stable trityl or nitroxide radicals.^[@ref4],[@ref10]−[@ref12]^ In dissolution DNP experiments carbon-13 is usually directly polarized, and polarizations above 10% are routinely obtained with low sample temperatures (\<5 K). Jannin et al. recently reported polarization of 71% achieved by cross-polarization from protons to carbon-13 at 1.2 K in a magnetic field of 6.7 T.^[@ref13]^ Similarly, with state of the art biradical polarizing agents, proton DNP enhancements (ε~H~) of up to 230 and 235 have been reported for organic or aqueous biradical solutions, respectively, with magnetic fields of 5--9.4 T and sample temperatures of ca. 80--105 K.^[@ref14]−[@ref17]^ These large MAS DNP solid-state NMR signal enhancements have enabled the characterization of a diverse range of chemical systems such as functionalized porous materials,^[@ref7],[@ref18]−[@ref21]^ polymers,^[@ref22],[@ref23]^ nanoparticles,^[@ref7],[@ref21],[@ref24],[@ref25]^ pharmaceuticals,^[@ref26]−[@ref28]^ and several biomolecular systems^[@ref29]−[@ref40]^ that would have otherwise been inaccessible. Similarly, dissolution DNP has enabled many novel magnetic resonance experiments that hold great promise for improved detection of cancers,^[@ref8],[@ref9],[@ref41],[@ref42]^ better understanding of metabolic pathways,^[@ref9],[@ref43],[@ref44]^ and applications in chemistry.^[@ref21],[@ref45]^ The key to all of these applications is obtaining large DNP enhancements that translate into greatly improved sensitivity for magnetic resonance experiments.

As a result, there is currently great interest in understanding the factors that limit DNP enhancements (e.g., polarizing agents, hardware, MAS rate, temperature, etc.). Here we show that over a 2-fold improvement in cross-effect (CE) DNP enhancements can be achieved in MAS DNP experiments of frozen solutions by incorporating solid particles into the samples. At 9.4 T and ∼105 K enhancements up to ε~H~ = 515 have been obtained, corresponding to 78% of the theoretical maximum. We link this effect to the dielectric properties of the solid material, which give rise to scattering, diffraction, and amplification of the microwave field in the sample, substantiated by simulations of microwave propagation, and to a reduction in sample heating at a given microwave power due to reduced dielectric loss. In passing we also notice that thorough degassing of the sample is crucial to achieve highest enhancements. The effect is demonstrated for a variety of particles added to both aqueous and organic biradical solutions.

Experimental Section {#sec2}
====================

All DNP experiments were carried out on a commercial Bruker Avance III 400 MHz NMR spectrometer equipped with a 263 GHz gyrotron microwave source using a 3.2 mm triple resonance MAS probe at sample temperatures around 100 K.^[@ref46]^ In general the microwave power was optimized to obtain the largest DNP enhancements, although the variation in enhancement with microwave power is discussed below for some samples. The magnet sweep coil was used to set the main magnetic field so that microwave irradiation occurred at the maximum positive enhancement for a sample containing TOTAPOL. Proton DNP enhancements (ε~H~) were directly measured using a spin echo pulse sequence with a single rotor cycle echo delay to remove probe background signals. The ^1^H--^13^C cross-polarization (CP) DNP enhancements (ε~C CP~) were measured with a standard ramped CP pulse sequence. Since the ^1^H--^13^C CP signal is observed, ε~C CP~ corresponds to the proton enhancements of the frozen solution. In all cases measured values of ε~H~ and ε~C CP~ differed by less than 5%. In most cases ε was measured by comparing the intensity of the spectrum acquired with microwave irradiation to that acquired without. In some cases integrated intensities were compared to determine ε~C CP~ in order to account for line narrowing arising from microwave induced sample heating. More details on the NMR parameters and spectra used for DNP enhancement measurements are in the [Supporting Information](#notes-1){ref-type="notes"}.

The mixed solution-solid material samples were prepared by placing a weighed amount of dry material into a sapphire MAS rotor. The materials were chosen based on their dielectric constants and loss tangents to cover various possible mutual relations of these two parameters.^[@ref47]^ The biradical solution was then added to the loosely packed crystalline material with a micropipette and the liquid was distributed throughout the rotor by gently stirring with a syringe or copper wire. All samples were weighed to determine the precise composition of the sample. Samples were topped with a PTFE insert or silicone plug to prevent solution leakage from the rotors. All samples were weighed before and after performing the experiments to confirm that no loss of solution occurred. Exact compositions of the samples are given in the [Supporting Information](#notes-1){ref-type="notes"}. Since 95/5 (v/v) solutions of dichloromethane and methanol have been reported to be a good glass forming solutions,^[@ref51]^ a small amount of fully deuterated methanol-*d*~4~ (ca. 4--6% by volume) was added to improve glass formation in the TCE solutions.

Samples were partially degassed inside the low temperature DNP probe by leaving them under a constant nitrogen flow from the sample eject gas for approximately 5 min at room temperature prior to first insertion into the probe at ∼100 K. The samples were then inserted and an array of DNP solid-state NMR experiments was performed (^1^H and ^13^C CP DNP enhancement measurements, *T*~1~ measurements, etc.). Samples were then ejected to the base of the probe and subjected to another 5 min of eject gas flow. In this way insert--eject (i.e., freeze--thaw) cycling for each sample was then performed until a constant DNP enhancement signal build-up rate (*T*~DNP~) was measured for the ^1^H nuclei of the solution, as discussed below. Sample temperatures were determined by measuring ^79^Br longitudinal relaxation times of crystalline KBr.^[@ref49]^ (see [Supporting Information](#notes-1){ref-type="notes"} for further details)

Finite integral simulations were carried out using the commercial software package CST Microwave Studio 2013 (CST AG, Darmstadt, Germany). The systematic sweep of filling factors and epsilon values was performed on a cylindrical geometry with dimensions similar to that of a 3.2 mm sapphire rotor. Dielectric material properties according to published literature data^[@ref47]^ were assigned to all materials. The mesh resolution in the whole structure was automatically generated, resulting in variable mesh density throughout the model due to different materials with varying dielectric constant. Within the sample region, it was manually refined such that the solution/solid structure within the sample was well resolved, resulting in mesh cells of approximately (50 μm)^3^. In all cases, the microwave irradiation was modeled by using a Gaussian Beam at 263 GHz as field source. The transient time domain solver was used for calculating the electromagnetic fields.

Results {#sec3}
=======

The Effect of Incorporating Solid Particles {#sec3.1}
-------------------------------------------

Figure [1](#fig1){ref-type="fig"} shows a comparison of proton DNP enhancement factors (ε~H~ or ε~C CP~) obtained for the NMR resonances of the frozen solution. In one experiment the sample was a bulk solution of a given biradical and in the other experiment the sample comprised the same solution filled into a rotor containing solid particles of crystalline potassium bromide (KBr), sapphire (α-Al~2~O~3~), calcium fluoride (CaF~2~), and sodium chloride (NaCl). In all cases the observed enhancement is significantly higher when the solid particles are present in the sample, reaching values between 450 and 515 (or more than 2.5 times the bulk solution value) for the biradical TEKPol^[@ref14]^ dissolved in 1,1,2,2-tetrachloroethane (TCE)/methanol-*d*~4~ 94/6 (v/v) solution. The effect does not change significantly from one radical to another, as the relative gain in enhancement is roughly the same for TEKPol, bCTbK, and bTbK solutions. Furthermore, the effect is not limited to nonpolar organic solvents such as TCE but is also observed in water-based systems, as exemplified by the TOTAPOL^[@ref50]^ or AMUPol biradicals^[@ref16]^ dissolved in 60/30/10 glycerol-*d*~8~/D~2~O/H~2~O mixed with ground sapphire (having particle sizes of around 300--500 μm), however the relative gain in enhancement is reduced. Notably, when poly(1,1,2,2-tetrafluoroethylene) (PTFE) particles are mixed with the TEKPOL/TCE solution, then the increase in enhancement is more modest, and is discussed below. [Figure S1 (Supporting Information)](#notes-1){ref-type="notes"} compares the enhancements obtained for TEKPol/TCE solutions mixed with KBr particles of different sizes (with solid volume fractions of ca. 65% in all cases). As shown in [Figures S1--S5](#notes-1){ref-type="notes"}, larger KBr particle sizes centered around 0.4 mm in diameter provide the largest enhancements, although the effect is not strongly dependent upon particle size, with finely ground KBr giving an enhancement of 360. In all these cases, the solutions have been degassed prior to the measurement, as discussed in the following section.

![The two types of samples used here are schematically represented in (a) and (b). (c) Comparison of the carbon-13 CP MAS DNP enhancements (ε~C CP~) obtained at 9.4 T with sample temperatures of 100 K observed on the resonances of the frozen solution for various biradicals in bulk solutions (blue, filled) and when the solution is filled into rotors containing solid particles (red columns, open) of either KBr, sapphire, NaCl, polytetrafluoroethylene (PTFE) or CaF~2~. For sapphire and PTFE the ^1^H enhancement was measured directly. Further details are given in the [Experimental Section](#sec2){ref-type="other"}. The dashed line indicates the theoretical maximum achievable proton enhancement of 658.](ja-2014-088453_0002){#fig1}

The Effect of Degassing {#sec3.2}
-----------------------

It is important to note that the enhancement reported for TCE solutions is the highest value obtained for each sample. Specifically, we previously observed that repeated insertion and ejection of the rotor containing bulk TEKPol/TCE solutions led to improved MAS DNP enhancements.^[@ref14]^ One result of these cycles is to obtain better glass formation in pure TCE, since the quality of the glass formed by pure TCE is variable. It is well-known that chloroform:methanol 95:5 solutions are reliable glass formers,^[@ref51]^ and we observe here that glass formation in TCE can be improved by addition of ∼5% methanol-*d*~4~ by volume, and these conditions are used throughout. Additionally, Figure [2](#fig2){ref-type="fig"}a shows that repeatedly inserting the sample into the cold MAS stator and ejecting it to the base of the probe (i.e., freeze--thaw cycling) leads to the progressive increase in the proton *T*~1~ from 2.7 to 3.5 s for 16 mM TEKPol TCE solution mixed with KBr. The same trend is observed for both bulk and particle containing solutions. This increase is accompanied by gradual growth of the enhancement factor from around 250 to 450 shown in Figure [2](#fig2){ref-type="fig"}b for TEKPol in TCE with KBr. We ascribe this result to progressive removal of dissolved oxygen from the solution in the pure nitrogen atmosphere inside the probe. Since O~2~ is paramagnetic its removal increases both electron and nuclear relaxation times, which positively affects DNP efficiency.^[@ref52],[@ref53]^ A detailed summary of insert/eject cycling for bulk solution and mixed solutions is given in the [Supporting Information](#notes-1){ref-type="notes"} (Figures S7--S8 and Tables S2--S5).

![In situ removal of dissolved oxygen from a 16 mM solution of TEKPol in TCE:methanol-*d*~4~ (94:6 v/v) mixed with KBr crystals in a 3.2 mm sapphire rotor. (a) DNP enhanced proton longitudinal polarization build-up times (*T*~DNP~) measured with a ^13^C detected CP saturation recovery pulse sequence as a function of insert--eject cycle. (b) The scaled integrated intensities of the ^13^C CPMAS spectra acquired with and without microwave irradiation and DNP enhancements for each insert--eject cycle. The intensities are corrected by a scaling factor (*s*) to remove the effect of relaxation on the absolute intensities calculated for each point as *s* = \[1 -- exp(τ~pd~/*T*~DNP,*b*~)\]/\[1 -- exp(τ~pd~/*T*~DNP,*a*~)\] where τ~pd~ is the polarization delay (4 s in all cases), *T*~DNP,*b*~ is the *T*~DNP~ measured for the final cycle number *b* (here *T*~1,6~ = 3.5 s), and *T*~DNP,*a*~ is the *T*~1~ measured for a given cycle *a*.](ja-2014-088453_0003){#fig2}

Rosay previously reported that fully degassed aqueous 60 mM 4-amino-TEMPO solutions had a proton *T*~1~ of 8.2 s and provided ε~H~ of 44, while solutions prepared under air had a *T*~1~ of 4.5 s and gave ε~H~ of 25.^[@ref52]^ Under standard pressure, the concentration of dissolved O~2~ in aqueous solutions is approximately 0.5 mM at 298 K. Organic solvents such as TCE usually have much lower surface tension, and under standard conditions the concentration of O~2~ should be substantially higher (∼6.5 mM for CCl~4~ at 298 K or ∼39 mM for CHCl~3~ at 298 K).^[@ref54]^ Therefore, the impact of dissolved O~2~ on DNP enhancements could be larger for organic solvents. When determining maximum values of ε for organic solvents (such as TCE) prepared under ambient conditions it is therefore important to perform insert--eject cycles (or some other degassing procedure) and to measure proton *T*~1~'s to assess the amount of dissolved oxygen present in solution. The *T*~DNP~ dependence and the enhancement factors in Figure [2](#fig2){ref-type="fig"} converge as the sample is cycled, indicating nearly complete removal of the O~2~ dissolved in the solution. We also note that the gain in enhancement due to degassing does not necessarily lead to better overall sensitivity, since the intensity of the microwave off spectrum in Figure [2](#fig2){ref-type="fig"}b continuously decreases, and the *T*~DNP~ (and thus the polarization delay required for optimal sensitivity) becomes longer. The decrease in the microwave off signal observed for both bulk and particle containing solutions is possibly due to an increase in the so-called "Thurber effect" as longer electron *T*~1e~ are associated with an increase in MAS induced cross effect nuclear depolarization.^[@ref55]^ Finally, we note that the in situ degassing procedure had no effect on the glycerol/water solutions. This could be because it is more difficult to remove the dissolved oxygen from the aqueous mixture that has higher surface tension, or that the concentration of oxygen is lower and does not affect the DNP enhancements substantially.

Discussion {#sec4}
==========

It is unlikely that the solid particles and the solution are interacting in some way that intrinsically changes the DNP effects in these samples. Rather, this effect is most probably due to the fact that the observed proton enhancement for the whole sample is not a microscopic property.^[@ref56]^ The enhancement varies as a function of position in the sample and can be described as an integral over the sample region, *R*:where *V* is the total volume of the region.

In this light, there are several mechanisms that might explain the effects observed here. The first would be that the solids used here are less lossy than the solutions of TCE or H~2~O, and therefore that we obtain better overall microwave penetration into the samples when they are mixed with the particles. The second is that the microstructure created by the solid particles might either concentrate the microwaves in the regions containing the frozen solutions or lead to a better distribution of the microwaves over the sample due to scattering or diffraction phenomena (the particles used here are distributed around 200--400 μm, and the wavelength is ∼1.1 mm). A third, trivial, explanation could be that bulk sample heating is reduced in the samples containing the particles due to less microwave absorption.

Figure [3](#fig3){ref-type="fig"} compares the measured enhancements and sample heating for bulk solutions of TEKPol in TCE with those for the same solution mixed with crystalline KBr, as a function of the applied microwave power. Figure [3](#fig3){ref-type="fig"}a shows that the sample temperature are quite similar for bulk solution and solution mixed with KBr (temperature increase of ca. 14 and 12 K at the highest microwave power, respectively). This confirms that the increase in enhancement does not arise from reduced sample temperatures that would lead to higher CE DNP performance. Figure [3](#fig3){ref-type="fig"}a also shows that, in contrast to the solutions, a sample of pure ground KBr heats much less significantly over this range of powers (ca. 4 K at maximum power). This suggests that the samples including KBr are indeed less lossy, suggesting that both of the first two mechanisms discussed above may play a role.

Figure [3](#fig3){ref-type="fig"}b shows the enhancements obtained for both samples as a function of the applied microwave power. In both samples the enhancement continuously increases with the applied microwave power although at elevated powers above 7 W the increase in enhancement is reduced. At elevated microwave powers the ^13^C CPMAS spectra begin to narrow due to a temperature increase ([Figure S6](#notes-1){ref-type="notes"}). Therefore, integrated intensities were used to measure the enhancements in order to better account for differences in line widths. Hu et al. have previously shown that a plot of 1/ε versus the inverse of the microwave power (1/*P*) yields a straight line that can be fit to the equation:where ε~∞~ is the DNP enhancement at infinite microwave power and *a* is the saturation parameter.^[@ref57],[@ref58]^ The saturation parameter depends upon the electron relaxation times (*T*~1e~ and *T*~2e~) and the microwave transmission efficiency of the sample. The plot in Figure [3](#fig3){ref-type="fig"}c shows that for both bulk TEKPol/TCE solution and the solution mixed with KBr, ε~∞~ of 680 and 690 are obtained, respectively. This suggests that TEKPol can potentially provide the theoretical maximum proton DNP enhancement of 658. However, *a*, which can be measured from the data in Figure [3](#fig3){ref-type="fig"}c, was found to be nearly three times higher for the solution mixed with KBr. Since the electron relaxation times will be the same in both samples, this is consistent with substantially improved microwave transmission in the mixed sample.

![(a) The variation in sample temperature as a function of the applied microwave power for bulk 16 mM TEKPol in TCE:methanol-*d*~4~ (94:6 v/v) solution, the same solution mixed with KBr, and pure KBr (no solution added). The solid lines are visual guides. (b) Proton DNP enhancement as a function of applied microwave power for bulk solution and solution mixed with KBr. (c) Inverse of the DNP enhancement (1/ε) as a function of the inverse of microwave power (1/*P*) for bulk solution and a solution mixed with KBr. Linear fits are shown as solid lines. The DNP enhancement at infinite microwave power (ε~∞~) was obtained from the intercept and the saturation factor (*a*) was calculated from the intercept and slope. Note that if the high microwave power points are included in the fit for the bulk solution, there is deviation from the straight line behavior, and a lower ε~∞~ (of ca. 400) is obtained. However, since there is substantial sample heating at high microwave powers, the four highest power points for the bulk solution were excluded from the plot. Sample temperatures were measured from the spin--lattice relaxation rate of ^79^Br (in case of bulk solutions a small amount of KBr was placed at the bottom of the rotor).^[@ref49]^](ja-2014-088453_0004){#fig3}

In order to better understand the factors that yield high enhancements for crystal/solution mixtures finite element simulations of microwave propagation were performed. Figure [4](#fig4){ref-type="fig"}a shows the models of static samples corresponding to a sapphire rotor filled with varying ratios of solution (yellow regions) and solid particles (green regions). The models were generated by random filling with ellipsoids of different sizes distributed between 0.15 and 0.5 mm. Finite element simulations of this kind have previously been used by Nanni et al. to optimize the rotor and coil geometries in MAS DNP.^[@ref56]^ Notably, their simulations predicted that when a homogeneous solution in a sapphire rotor is irradiated through a solenoidal coil the microwave field is inhomogeneous over the sample volume. The simulation in Figure [4](#fig4){ref-type="fig"}b reproduces this finding. In our simulations the real component of the dielectric constant of the solution was set to 2.5 for the solvent (TCE) region because similar values are reported for many organic materials,^[@ref47]^ while the loss tangent (tan δ) was 0.009 (based upon the value measured by Nanni et al. for water-glycerol, and scaled by the microwave frequency).

Figure [4](#fig4){ref-type="fig"}b show the field distributions for a solution with 63% of space occupied by solid particles with varying real components of the dielectric constant (ϵ~r~). Note that both the DNP enhancement and the real component of the dielectric constant are designated by the symbol epsilon. Here the former are indicated as ε and the latter as ϵ~r~. The loss tangent was set to 0.001 for the particles in all cases (a factor of nine lower than that of the solution region). In Figure [4](#fig4){ref-type="fig"}c the real component of the dielectric constant of the solid particles matches that of the solution. In this case only a slight increase in average microwave field in the sample is predicted (Figure [4](#fig4){ref-type="fig"}f), presumably due to reduced lossiness associated with the solid regions of the sample. This rationalizes the small increase in DNP enhancement observed for a solution mixed with PTFE particles (Figure [1](#fig1){ref-type="fig"}). PTFE has a dielectric constant (2.0) that is probably similar to that of the TCE solution and is well-known to have a low dielectric loss.^[@ref47]^

Figure [4](#fig4){ref-type="fig"}d,e shows the same simulation but for solids with a real component of the dielectric constant of 5, similar to that reported for KBr (ϵ~r~ = 4.9), and of 11.0. We clearly observe that when the dielectric constant of the solid and the solution are mismatched, the microwave field distribution is substantially modified, and the average microwave field in the solution region of the sample substantially increases (Figure [4](#fig4){ref-type="fig"}f). Figure [4](#fig4){ref-type="fig"}b--e illustrates that the simulations predict that there are very intense hot spots inside the particles.

![Finite element simulations of microwave propagation in (a) a model of a sapphire rotor filled with different filling factors of dielectric particles (*f* = *V*~solid~/*V*~total~) and frozen solution (green and yellow areas, respectively). (b--e) Cross sections showing the calculated transverse magnetic component of the microwave field (*H*~1~) for (b) bulk solution and (c--e) rotors filled with 63% solid particles and 37% solution. For (c--e) the real component of the dielectric constant ϵ~r~ of the solid particles is indicated. (f) The average *H*~1~ field predicted for the solution region, as a function of the real component of the dielectric constant of the solid particles and different particle filling factors. Known real components of the dielectric constant are indicated for several materials. Details of the finite integral simulations are given in the main text and [Experimental Section](#sec2){ref-type="other"}.](ja-2014-088453_0005){#fig4}

In Figure [4](#fig4){ref-type="fig"}f the average microwave field in the solution region is plotted as a function of ϵ~r~ for several different filling factors. It can be concluded that by using a material with an increasingly mismatched real dielectric constant compared to that of the frozen solution (and with a lower loss tangent), it is in principle, possible to increase the average microwave field over the whole sample volume by a factor of nearly 2. Under our experimental conditions we estimate that the filling factors are around 0.65, where we predict the average microwave field to be increased by a factor ∼1.5 for KBr (ϵ~r~ = 4.9), and by a factor of ∼1.8 for sapphire (ϵ~r~ = 9.6). However, as previously discussed by Nanni et al., to properly calculate DNP enhancements the distribution of microwave field in the sample should be considered, not just the average values.^[@ref56]^

![(a) The distribution of calculated *H*~1~ field values for the bulk solution model and mixed solid-solution models from Figure [4](#fig4){ref-type="fig"}b--e. The calculated *H*~1~ values were converted to electron nutation frequencies with eq [3](#eq3){ref-type="disp-formula"} assuming 14 W of input power (ν~1~, top axis). The *H*~1~ values were then converted to DNP enhancements with eq [3](#eq3){ref-type="disp-formula"} and [4](#eq4){ref-type="disp-formula"} for both 7 and 14 W of input power (right axis, dashed lines).](ja-2014-088453_0006){#fig5}

Figure [5](#fig5){ref-type="fig"} shows histograms of the relative probability of a given transverse magnetic component (*H*~1~) of the microwave field in the sample as obtained from the finite element simulations above. The histograms are plotted both for the bulk solution model of Figure [4](#fig4){ref-type="fig"}b and for models of solvent mixed with solid particles with several different ϵ~r~ values for the solid particles as in Figure [4](#fig4){ref-type="fig"}c--e. The *H*~1~ values from simulations can then be converted to electron nutation frequencies (ν~1~):where γ~e~ is the gyromagnetic ratio of the electron (28.016 GHz/T), μ~0~ is the permittivity of free space (4π × 10^--7^ N·A^--2^), *H*~1~ is the calculated magnetic field in mA/m, *c* is a dimensionless constant that corresponds to the fraction of power delivered to the sample, *P*~sim~ is the finite element simulation input power (8.34 nW in all cases) and *P*~in~ is the experimentally measured input power at the output of the waveguide. The top horizontal axis of Figure [5](#fig5){ref-type="fig"} shows the corresponding ν~1~ values with *P*~in~ = 14 W and *c* = 0.27. The determination of *c*, which is here treated as a simple adjustable scaling factor between the experiment and the simulation to account for attenuation in the probe, is discussed below.

The simulated histogram of microwave fields shows that in the bulk solvent model ν~1~ is generally low in most of the sample with a mode of only 41 kHz. However, in the mixed samples the histograms clearly illustrate a large shift in the distributions of ν~1~ to higher frequencies. For solids with ϵ~r~ of 5.0 and 11.0 the mode of the ν~1~ distribution shifts to 208 kHz and 271 kHz, respectively. Also, note that there is a large tail in the mixed samples with low populations of high ν~1~ out to as high as 1.4 MHz for ϵ~r~ = 11.0.

The calculated ν~1~ values can be converted to DNP enhancements with the following equation:^[@ref56]^Here ε~∞~ is the DNP enhancement at infinite microwave power, α is the saturation factor (α = *T*~1e~*T*~2e~ /2), where *T*~1e~ and *T*~2e~ are the longitudinal and transverse relaxation times of the electron, respectively.^[@ref56]^ Here we take *T*~1e~*T*~2e~ = 60 μs^2^ based upon previous 94 GHz EPR measurements of electron relaxation times in 16 mM TEKPol TCE solutions, which fixes the value of α.^[@ref14]^ Upon the basis of the measured dependence of DNP enhancement on the microwave power (Figure [3](#fig3){ref-type="fig"}), ε~∞~ of 658 was used.

The calculated enhancements are shown as the two dashed lines in Figure [5](#fig5){ref-type="fig"} for 14 and 7 W of input power. By considering the weighting of the *H*~1~ distributions in the two models, the volume averaged DNP enhancement (ε̅) can then be calculated (Table [1](#tbl1){ref-type="other"}). In comparison with the data in Figure [3](#fig3){ref-type="fig"}, if the value of *c* is set to 0.27 in eq [3](#eq3){ref-type="disp-formula"}, then an ε̅ of 219 is calculated for 7 W of input power in the bulk solution model, which is in good agreement. By comparison, 14 W of input power is then predicted to give an ε̅ of 298 for the bulk solution model, which is larger than the measured value of 226. However, we note that in the bulk solution there is substantial sample heating at higher powers, and measured enhancements do not increase very much at higher powers.

###### Summary of Finite Element Simulations

  model                             calculated ε̅, *P*~in~ = 7 W   calculated ε̅, *P*~in~ = 14 W   comparable experimental ε
  --------------------------------- ----------------------------- ------------------------------ ---------------------------
  bulk solution (4b)                219                           298                            228
  mixed with ϵ~r~ 2.5 solid (4c)    232                           309                            289 (PTFE)
  mixed with ϵ~r~ 5.0 solid (4d)    321                           418                            449 (KBr)
  mixed with ϵ~r~ 11.0 solid (4d)   389                           478                            515 (sapphire)

Better agreement with experiment is seen for the model of the mixed sample and a solid with ϵ~r~ of 2.5 (and a reduced loss tangent, see above). In this case an ε̅ of 289 is predicted, in good agreement with the experimental value obtained for solution mixed with PTFE particles (Table [1](#tbl1){ref-type="other"}). For 14 W of input power, the calculated *H*~1~ distribution for the mixed solid-solution model, ϵ~r~ = 5.0 and the same *c* value, ε̅ of 418 is predicted, again in reasonable agreement with the measured ε~C CP~ values of 449 for TCE solution mixed with KBr. Reasonably good agreement is also seen with the experimental values for sapphire crystals and the highest dielectric constant of 11.0 included in the model (Table [1](#tbl1){ref-type="other"}, ε̅ = 478 and ε~H~ = 515).

Interestingly, with 14 W of input power the simulations predict that in the mixed model with ϵ~r~ = 11 for the solid particles, 28% of the sample actually yields DNP enhancements above 550. Further, when the input power in the simulation is increased to 19.7 W for the mixed solution-solid with dielectric 11, then the predicted value of ε̅ is increased to agree with the measured value for sapphire of 515 (Figure [1](#fig1){ref-type="fig"}) (note this could also be achieved by changing the value of *c*). Under these conditions we find that with the distribution having the shape of that in Figure [5](#fig5){ref-type="fig"} (ϵ~r~ = 11), *14% of the sample now yields enhancements above 600, essentially reaching the theoretical maximum*.

In summary, the simulations predict a large increase in the microwave field inside the mixed dielectric sample that can explain the increased DNP enhancements.

Of course, here we have focused on an explanation in terms of the interaction of scattering and diffusion of the microwaves. Other explanations that we have not yet envisaged may be possible, and further studies will be required to firmly establish the exact nature of the effect.

Conclusions {#sec5}
===========

We have demonstrated that by mixing insoluble solid particles of relatively high dielectric constant with biradical solutions, MAS DNP enhancements can be increased by a factor of over two. We also note that to obtain these high enhancements it is crucial to deoxygenate the samples. Removal of oxygen can conveniently be performed in situ by repeatedly inserting and ejecting the sample and subjecting it to several minutes of room temperature nitrogen gas flow at the base of the probe. Simulations of microwave propagation suggest that the increased enhancements arise because high dielectric materials create microstructures that diffract or more generally scatter the incident beam in a manner that leads to a significant redistribution of the field, and which in turn leads to a large increase in the average microwave field experienced by the solution. Experimentally, particles with sizes on the order of 100 to 500 μm seem to provide the largest gains in DNP enhancement, although gains in ε can still be obtained with smaller particles, such as finely ground microcrystalline powders (e.g., ε~C CP~ = 360 ± 36 for TEKPol/TCE incorporating finely ground KBr), and the effect is present in DNP enhanced experiments on, for example, finely ground organic powders ([Figure S12](#notes-1){ref-type="notes"}). In the case of finely ground organic solids that are themselves the target to be polarized, the gain in enhancements translates to improved sensitivity.

A particularly important consequence of this work is that the TEKPol/TCE polarizing system is probably capable of providing the theoretical maximum enhancements at 9.4 T and 100 K. We deduce this since there is certainly still a distribution of the microwave field in the samples containing particles with high dielectrics (Figure [5](#fig5){ref-type="fig"}), so that to observe an average epsilon of 515 in the case of sapphire, the DNP enhancement in parts of the sample must be above 600. We conclude that with improved coupling of the microwaves to the sample, current state-of-the-art DNP polarizing agents could provide ε~H~ near to the theoretical limit of 658.

Finally, we note that the addition of the solid particles to the rotor does not improve absolute sensitivity, since the gain in ε~H~ is here offset by a reduction in active sample volume. Therefore, this approach would only improve overall sensitivity for samples that are mass limited. However, in the light of the findings here, it should be possible to engineer dielectric microstructures within the rotor to increase the microwave field and obtain higher enhancements without occupying such a significant volume. This approach may also be applicable to other DNP techniques, such as dissolution DNP. We are currently investigating such possibilities.

Additional experimental details, sample compositions, grain size distributions of solid materials, measurements of DNP enhancements. This material is available free of charge via the Internet at <http://pubs.acs.org>.
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